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ABSTRACT HIV infects long-lived CD4 memory T cells, establishing a latent viral reser-
voir that necessitates lifelong antiretroviral therapy (ART). How this reservoir is formed so
quickly after infection remains unclear. We now show the innate inflammatory response
to HIV infection results in CCL2 chemokine release, leading to recruitment of cells express-
ing the CCR2 receptor, including a subset of central memory CD4 T cells. Supporting a
role for the CCL2/CCR2 axis in rapid reservoir formation, we find (i) treatment of human-
ized mice with anti-CCL2 antibodies during early HIV infection decreases reservoir seeding
and preserves CCR2/5* cells and (ii) CCR2/5* cells from the blood of HIV-infected individ-
uals on long-term ART contain significantly more integrated provirus than CCR2/5-nega-
tive memory or naive cells. Together, these studies support a model where the host’s
innate inflammatory response to HIV infection, including CCL2 production, leads to the
recruitment of CCR2/5" central memory CD4 T cells to zones of virus-associated inflam-
mation, likely contributing to rapid formation of the latent HIV reservoir.

IMPORTANCE There are currently over 35 million people living with HIV worldwide, and
we still have no vaccine or scalable cure. One of the difficulties with HIV is its ability to
rapidly establish a viral reservoir in lymphoid tissues that allows it to elude antivirals and
the immune system. Thus, it is important to understand how HIV accomplishes this so
we can develop preventive strategies. Our current results show that an early inflamma-
tory response to HIV infection includes production of the chemokine CCL2, which
recruits a unique subset of CCR2/5" CD4" T cells that become infected and form a sig-
nificant reservoir for latent infection. Furthermore, we show that blockade of CCL2 in
humanized mice significantly reduces persistent HIV infection. This information is rele-
vant to the development of therapeutics to prevent and/or treat chronic HIV infections.

KEYWORDS CCL2, CRISPR, CyTOF, human immunodeficiency virus, latency, reservoir

he latent HIV reservoir is comprised of both fully infectious and defective provi-
ruses residing predominantly within memory CD4 T cells. These cells are not effec-
tively depleted by antiretroviral therapy (ART); thus, lifelong treatment is required to
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CCL2 and the Latent HIV Reservoir

prevent disease progression. In rhesus macaques, a stable SIV reservoir is established
within 3 days or less following infection (1). Likewise, the HIV reservoir is rapidly seeded
in humans (2-4). Recently, it has been demonstrated that ART modulates and shapes
the host environment in a way that favors long-term survival of the cells and viral qua-
sispecies that predominate at the time of treatment initiation (5, 6). This phenomenon
is likely reflective of a continuous reservoir seeding throughout the time prior to ART
(7), which is characterized by chronic inflammation and immune activation (8).

HIV preferentially infects effector CD4 T cells (9, 10), but because these cells are ter-
minally differentiated and short-lived, they do not contribute to formation of a long-
lived latent reservoir. In contrast, infection of memory CD4 T cells is required, but the
underlying mechanisms for such infections remain unknown (11-14).

Chemoattraction might play an important role. Acute HIV infection leads to the pro-
duction of many cytokines and chemokines. Prominent among these is the C-C motif
ligand 2 chemokine (CCL2/monocyte chemoattractant protein 1 [MCP-1]) (15-17).
CCL2 is one of the first cytokines detected during the acute phase of HIV infection, pre-
ceding peak viremia and correlating with viral load (15, 16, 18). CCL2's swift upregula-
tion during acute infection raises the possibility that it helps recruit cells involved in
latent reservoir formation.

In these studies, we set out to explore the CCL2-CCR2 chemokine/chemokine recep-
tor axis during acute HIV infection, asking whether it might play a positive role in early
formation of the latent viral reservoir through recruitment of central memory CD4 T
cells to tissue sites of infection and inflammation.

RESULTS

HIV triggers IFI16/STING signaling to produce CCL2 in lymphoid CD4 T cells. To
investigate whether CCL2 is induced in lymphoid tissue-derived CD4 T cells in response
to HIV, we used a previously described in vitro cell overlay model employing human
tonsillar cells (19). This method allows for the rapid, synchronous infection of CD4 T
cells. When measured 18 h after infection, transcription of CCL2 and IFNB1 was signifi-
cantly upregulated while transcription of CCL20, an alternative STAT6-regulated che-
mokine, was not induced (Fig. 1A; also see Fig. STA in the supplemental material).
CCL2 protein levels were also increased in the supernatant measured at 24 h after
infection (Fig. 1B). In prior studies, blood-derived CD4 T cells were found to poorly
induce innate immune responses to HIV (19-21). Indeed, in contrast to lymphoid tissue
CD4 T cells, blood CD4 T cells failed to produce CCL2 (Fig. S1B). Basal levels of CCL2
expression were also higher in uninfected CD4 T cells from lymphoid tissue than in
those from blood, underscoring the importance of studying tissue-derived T cells in
models of HIV infection.

To assess whether successful viral integration and HIV replication were required for
the induction of CCL2 synthesis, we added the integrase inhibitor raltegravir during
overlay infection and assessed CCL2 release from infected cells (Fig. S1B). CCL2 produc-
tion was unaffected by raltegravir treatment, indicating the preintegration steps of the
viral life were responsible for the induction of the chemokine. This suggested induction
of CCL2 during an abortive infection, in which the accumulation of unintegrated DNA
reverse transcripts triggers an inflammatory innate response. This could potentially be
triggered by the stimulator of interferon genes STING, which can itself be activated by
either one of two DNA sensors: the pyroptosis inducer IFI16 and the cytosolic DNA sen-
sor cyclic GMP-AMP synthase (cGAS). To determine which DNA sensors were driving
CCL2 production in lymphoid tissue CD4 T cells, we knocked out the IFI16, STING, or
cGAS genes using CRISPR-Cas9 ribonucleoproteins and specific guide RNAs (Fig. 1C).
Knockout of either IFI16 or STING resulted in significantly decreased CCL2 release fol-
lowing HIV infection compared to nontargeted controls (Fig. 1D). The decrease in CCL2
release from knocking out cGAS did not reach statistical significance. Together, these
results indicated that the innate DNA sensing pathway involving IFI16 and STING and
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FIG 1 Tonsillar CD4 T cells produce CCL2 following HIV infection in part mediated through IFI16 and
STING signaling. Tonsillar CD4 T cells were purified by negative bead selection and infected with HIV
(pNL4-3-GFP) by overlay infection as previously described (19). (A) Production of CCL2 and CCL20
RNA was measured by qPCR and plotted as fold increase relative to uninfected controls following
18 h of overlay infection. (B) CCL2 protein secretion measured by Meso Scale Discovery (MSD) was
detected following 24 h after HIV infection in overlay cultures employing tonsillar CD4 cells. Addition
of raltegravir (an HIV integrase inhibitor) did not block production of CCL2. (C) Cas9 RNPs and two
independent guide RNAs were used to knock out IFI16, STING, and cGAS protein expression in
primary tonsillar CD4 T cells (NT: nontargeting guide RNA control). (D) CCL2 protein production was
significantly diminished (but not eliminated) in HIV-infected cultures when IFI16 or STING was
knocked out. Supernatants were harvested 24 h after infection for MSD analysis of CCL2 production.
Fold increase over uninfected control is shown for each knockout culture. Experiments were
performed with 4 to 6 independent tonsils. Error bars denote SEM; data were analyzed for
significance using ANOVA with Tukey’s multiple comparisons. *, P < 0.05; **, P < 0.01; ***, P < 0.001;
ns, not significant.

possibly cGAS contributed to the rapid synthesis and release of CCL2 by lymphoid CD4
T cells in response to HIV infection.

CCR2 is expressed by a population of CCR5* central memory cells. A major func-
tion of CCL2 production is to recruit cells bearing the CCL2 receptor, CCR2 (22, 23).
While CCR2 is highly expressed on monocytes, it is also found on a unique subset of
blood CCR5" CD4 T cells displaying an effector memory phenotype (24).

We therefore asked whether such CD4 T cells were also present in lymphoid tissue.
Indeed, using flow cytometry (Fig. 2A to C), we found that one-third of tonsillar CCR5* cells
coexpressed CCR2, compared to two-thirds in the blood (Fig. 2D). To examine more deeply
the phenotype of these cells, we compared the expression levels of 38 markers in blood
and lymphoid tissue CD4 T cells using mass spectrometry (Fig. 2; Table S1) followed by t-
distributed stochastic neighbor embedding (tSNE) dimensional reduction visualization.
Blood- and lymphoid tissue-derived CD4 T cells differed sharply (Fig. 2E), as did the CCR2/
5-expressing CD4 T cells, with tonsil-derived cells displaying elevated expression of CD25
(IL-2Ra), CD7, ICOS, and CCR7 (Fig. 2F). CD25 expression is upregulated on activated T cells
but also constitutively expressed on regulatory T cells (Tregs), suggesting the possibility of
the CCR2/5" cells being Tregs. However, the lymphoid CCR2/5* CD25" cells did not
express FoxP3, demonstrate their exhibiting an activated rather than regulatory phenotype
(Fig. 2 and Fig. S3). The high expression of CCR7 in the lymphoid CCR2/5* cells suggested
that these cells were primarily central memory T cells (25). In contrast, CD127 and CCR6
were elevated in the blood-derived CCR2/5% T cells, indicating an effector memory
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FIG 2 CCR2/5" CD4 T cells in the lymphoid tissue exhibit a distinct phenotype compared to their cellular
counterparts circulating in blood. Freshly isolated mononuclear cells from tonsil and blood were analyzed by
multicolor flow cytometry. (A) Gating strategy for tonsillar memory CD4 T cells. FSC, forward scatter; SSC, side
scatter. (B) CCR2" expression is primarily limited to CCR5" memory T cells in tonsil (gated as in panel A). (O
Representative chemokine receptor expression of blood-derived memory cells. (D) CCR2" is expressed on a
significant fraction of CCR5* memory CD4 T cells: 28% = 11% in tonsil (n = 18) and 65% = 10% in blood (n = 8).
Box plots show median, 25% quartiles, and maximum and minimum values. (E) Mass cytometry was used to
compare blood-derived and lymphoid tissue-derived CD4 cells across 38 different parameters, and tSNE dimensional
reduction visualization was performed (n = 10 for tonsil and blood). Shown are representative tSNE plots, colored
by surface CCR2 expression. (F) Selected markers highlight differences between lymphoid tissue- (blue) and blood-
derived (red) CCR2/5" cells. The X-axis shows marker signal indicated in the histograms, Y-axis shows normalized
counts. (see Fig. S2 in the supplemental material for further comparisons).

phenotype. Together, these findings underscored fundamental phenotypic differences in
lymphoid tissue- versus blood-derived CCR2/5" T cells, highlighting the enrichment of cen-
tral memory in lymphoid tissues and effector memory in the circulation.

Comparing CCR2/5* lymphoid tissue CD4 T cells to both their naive counterparts and
the total memory population shed further light on this unique subset of cells (Fig. 3A). The
CCR2/5" cells expressed multiple markers of T cell activation, including surface markers
previously shown to be enriched in the latent HIV reservoir. In addition to CD25, these
markers included PD1, OX40, and HLA-DR (Fig. 3B) (26-30). Additionally, these CCR2/5*
cells expressed ICAM (CD54) and LFA-1a (CD11a), which are important in forming the viral
synapse (31). Finally, they expressed a pattern of surface integrins that reflected potential
mucosal origins, including integrins alpha 4 and beta 1, as well as alpha-4-beta-7 (32, 33).
Taken together, these analyses indicated that lymphoid CCR2/5" cells expressed markers
associated with a central memory CD4 T phenotype.

CCR2/5* cells migrate in response to CCL2 and are permissive to HIV infection.
It was previously shown that CCR2/5* CD4 T cells from the blood migrated in response
to CCL2 and multiple other chemokines (24). Using a transwell migration assay, we
found that lymphoid CCR2/57 cells similarly displayed a chemotactic response to CCL2
(Fig. 4A).

To assess the intrinsic permissiveness of CCR2/5" cells to HIV infection, we sorted
fresh tonsillar T cells and exposed them to green fluorescent protein (GFP) reporter
viruses expressing either the NL4-3 envelope (X4-tropic) or the BaL envelope (R5-
tropic). These cells supported productive infection by both viral strains in the absence
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FIG 3 Tonsillar CCR2/5" cells express markers of central memory, activation, viral synapse, and tissue homing.
Freshly isolated CD4 T cells from tonsil were analyzed for expression of 38 surface markers by mass cytometry. (A)
Gating strategy for naive (pregated on CD3", CD4", CD8, CD45RO" live single cells), memory (pregated on CD3",
CD4*, CD8" live single cells), and CCR2/5" CD4 T cells (pregated on memory as described above); data shown from
representative tonsil (n = 10). (B) Comparison of marker expression between populations gated as in panel A (top
gray trace, naive; middle blue trace, memory; bottom pink trace, CCR2/5™).

of ex vivo stimulation (Fig. 4B and C), demonstrating that in their basal state, tonsillar
CCR2/5% CD4 T cells were permissive to HIV infection. Interestingly, exogenous CCL2
did not further increase HIV infection of tonsil-derived CD4 T cells (Fig. 4; Fig. S4),
although it has been reported to increase the permissiveness of blood T cells to HIV
infection (34). These results suggest that the role of CCL2 is primarily in recruitment of
CCR2/5% CDA4 T cells to the site of HIV infection rather than in increasing their permis-
siveness to infection.

Of note, exposure to R5-tropic virus induced a rapid loss of surface expression of
CCR2 in sorted cells (Fig. 4D), in both infected cells (GFP*) and bystander cells (GFP™)
(Fig. 4D shows all cells, of which GFP* cells are <5%). This effect was not observed fol-
lowing X4-tropic viral infection (Fig. 4D, solid lines). A similar downregulation of CCR5
was observed upon R5-tropic HIV infection. Since this effect was independent of pro-
ductive infection, it likely reflects internalization of CCR2 and CCR5 triggered by the
binding of the viral envelope. It is not currently known whether this downregulation is
transient or whether it occurs in vivo.

Tonsillar CCR2/5* cells support latent infection by HIV ex vivo. Only a fraction of
tonsillar CD4 T cells (5 to 10%) undergo productive infection with HIV in the absence
of exogenous stimuli. An additional small fraction of cells become latently infected (35,
36). To test whether CCR2/5* cells were able to support latent infection, the cells were
sorted as described above and then infected with a luciferase reporter virus in the
presence of saquinavir (a viral protease inhibitor) to prevent viral spread. The cells
were then allowed to rest in the presence of ART to establish latency, as previously
described (36, 37). After 5 days in culture, the cells were stimulated for 24 h with anti-
CD3/anti-CD28 antibodies in the presence of the integrase inhibitor raltegravir to
ensure measurement of postintegration latency. Luciferase expression was measured
as a readout of latent virus reactivation. CCR2/5% cells underwent similar HIV reactiva-
tion after stimulation as did CCR2/5-negative memory cells and significantly greater
reactivation than CCR27/5% cells (Fig. 4E). These findings show that HIV can establish a
latent and reactivatable form of infection in tonsillar CCR2/5* cells ex vivo.

We also measured the survival of CCR2/5" cells following infection with both X4-
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FIG 4 Tonsillar CCR2/5" T cells are permissive to X4- and R5-tropic HIV infection. (A) Transwell migration assay
of purified tonsillar CD4 cells added to the upper chamber of a 2-um transwell membrane, with 2 ng/mL CCL2
added to the bottom chamber. After 4 h, the migrating cells (collected from the bottom chamber) were
analyzed by flow cytometry and counted. Data are presented as a relative migration (fold increase of
chemokine receptor-positive over -negative cell migration normalized to untreated control). (B) Assessment of
HIV infection in naive, memory (chemokine receptor-negative), CCR5*, or CCR2/5" CD4 T cells after sort
purification and infection with 100 ng GFP reporter BaL.NL4-3 HIV-1 (R5-tropic). GFP expression denotes
productive infection. (C) Relative percentage of GFP-positive cells as gated in panel B, including NL4-3 HIV-1
(X4-tropic) for comparison (n = 4). (D) R5-tropic envelope causes loss of surface CCR2. CCR5 and CCR2 levels of
sorted CCR-negative memory (gray) or CCR2/5% cells (pink) spinoculated with X4- (solid lines) or R5-tropic
(dotted lines) HIV and cultured for 24 h. (E) To assess the ability of tonsillar CCR2/5* cells to support latent
infection, a previously described primary CD4 T cell latency model was employed (36). Cells sorted as in panel
B were spinoculated with NL4-3-luciferase reporter virus and cultured in the presence of ART for 5 days. Cells
were then reactivated with anti-CD3/28 beads for 24 h. Virus production after reactivation was measured by
quantitating luciferase activity. Data are presented as fold increases in stimulated cells relative to unstimulated
cells. Experiments involved the analysis of 4 to 8 independent tonsil preparations. Error bars denote SEM by
ANOVA with Tukey’s multiple comparisons. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

and R5-tropic virus. We found that the fraction that died following infection was quite
similar to that of total tonsillar CD4 cells, with approximately two-thirds of cells surviv-
ing 48 h after infection (Fig. S5). Together, these results show that HIV infection of
CCR2/5% cells can result in multiple outcomes: productive infection, latent infection, or
death.

CCL2 blockade reduces seeding of the latent HIV reservoir in humanized mice.
We next tested the role of CCL2 in in the establishment of the HIV reservoir in vivo,
using a bone marrow, liver, thymus (BLT)-humanized mouse model of HIV infection
(38) and a CCL2-blocking antibody. At 12 weeks after grafting, all mice were tested for
humanization levels, and mice with equivalent human CD4" T cell numbers were
placed in the anti-CCL2 (n = 35) or control (n = 34) antibody groups (Fig. 5A). The mice
were infected with the R5-tropic virus JR.s, previously shown to establish long-term
latent HIV infections that persist despite antiretroviral therapy (ART) (38). Intrarectal
HIV inoculations were performed daily for 5 days to model sexual transmission via the
mucosal route (Fig. 5B). This intrarectal infection protocol was previously shown to pro-
duce ~50% infection rates (39). Beginning 24 h prior to the first virus inoculation, the
mice were treated with either blocking anti-CCL2 antibody or an isotype control anti-
body every other day for the first 11 days (Fig. 5B). To evaluate the early establishment
of latent infections, HIV replication was disrupted beginning 2 days after the final virus
installation (7 days postinfection [dpil) by placing the mice on ART-infused chow con-
taining tenofovir disoproxil-fumarate (Viread), emtricitabine (Emtriva), and raltegravir
(Isentress). Treatment interruption, which was previously shown to reactivate the latent
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FIG 5 Blockade of CCL2 reduces seeding of the HIV reservoir in humanized mice. (A) BLT mice were
humanized as described in the text, and mice with equivalent CD4* T cells at 12 weeks posthumanization
were assigned to anti-CCL2 and isotype control groups. (B) Diagram of experimental design illustrating the
time course of the experiment. Humanized mice began injections of CCL2-blocking antibody (2H5) or isotype
control beginning at 24 h preinfection and every other day thereafter until day 11. Mice were challenged with
HIV intrarectally at day 0 and again every 24 h for 5 days. At day 7 the mice were administered ART orally in
their chow. ART was maintained for 11 weeks and discontinued at week 12 to begin treatment interruption.
Mice were bled weekly following ART interruption and euthanized at week 16 postinfection. (C) Plasma
samples were analyzed for HIV RNA by PCR as described in Materials and Methods. Statistical analysis of the
contingency table was done by two-sided Fisher's exact test. (D) Spleen cells were analyzed for both total and
integrated HIV DNA levels. Animals that tested positive in either assay were considered positive. Statistical
analysis of the contingency table was done by two-sided Fisher's exact test. (E) The levels of splenic CD4" T
cells at 16 wpi were analyzed by flow cytometry and found to be similar in the two groups of mice. (F) Spleen
cells were further analyzed for proportions of CCR2/5" in the CD4" subset by flow cytometry. Technical
problems occurred in one experiment such that data were not obtained from all the mice. For the remaining
mice (n = 16 for the controls and n = 15 for CCL2 blockade), statistical analysis by two-way Student’s t test
showed a significant difference between the groups.

HIV reservoir (38-40), was initiated at week 12 by switching the mice to normal chow
(Fig. 5B).

At 1 week following treatment interruption (week 13), 3 of 34 isotype control mice
were positive for plasma HIV RNA by PCR, and by week 16, when the experiment was
terminated, two more tested positive for viremia (Fig. 5C). This low number of mice
with reactivated virus in the control group was likely due to the early initiation of ART.
None of the 35 animals in the CCL2 blockade group developed detectable viremia dur-
ing treatment interruption (P = 0.0248 by Fisher’s exact test). At week 16, the animals
were euthanized, and splenic tissue was harvested and examined for HIV DNA using
PCR assays for both total and integrated HIV proviral DNA (41). Data compiled from
both assays showed that 14/34 animals (41%) from the isotype control arm had detect-
able HIV DNA, whereas only 5/35 (14%) from the CCL2 antibody-treated group were
positive (Fig. 5C, P = 0.0161 by Fisher’s exact test). Two of the control animals that had
detectable HIV RNA in their blood at 13 weeks postinfection (wpi) tested negative for
HIV DNA in the spleen at 16 wpi. To determine whether CCL2 blockade during HIV ex-
posure had any long-term effect on the CD4* CCR2/5" cell subset, splenic T cells were
analyzed by flow cytometry. Although there was no difference in overall numbers of
CD4* T cells between the groups (Fig. 5E), there was a significantly higher proportion
of CCR2/5" cells in the group of mice that had been treated with CCL2 blockade
(Fig. 5F). These results indicated that CCL2 blockade significantly reduced seeding of
the latent HIV reservoir and enhanced preservation of CD4" CCR2/5% cells.
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FIG 6 Integrated HIV proviral DNA is enriched in CCR2/5* cells from infected individuals. Naive, memory (CCR"),
CCR2", CCR5™, or CCR2/5" CD4 T cells were purified by cell sorting from leukapheresis samples obtained from ART-
suppressed, HIV-infected donors. (A) Example of sorting gates from donor cells, pregated on live, single CD3* CD4*
cells. (B) Amount of integrated HIV in sorted cell populations, normalized to mitochondrial DNA and expressed as
fold increase over the amount detected in naive cells. Cells were sorted as in panel A, genomic DNA was isolated,
and provirus was measured using Alu-Gag droplet digital PCR. (C and D) Distribution of HIV provirus among various
cell populations from nine ART-suppressed HIV-infected donors. Results are shown as a percentage of total HIV
detected from all subsets for each individual (n = 9). Results are grouped by cell type in panel C and separated by
individual in panel D. Error bars denote SEM by Friedman ANOVA with Dunn's test for multiple comparisons. *,
P < 0.05; **, P < 0.01.

CCR2/5* cells harbor HIV provirus in vivo. To confirm that CCR2/5% cells played a
role in formation of the latent reservoir in ART-suppressed individuals living with HIV,
we examined whether CCR2/5% CD4 T cells from such individuals were enriched in HIV
proviruses. Fresh leukapheresis samples were obtained from nine ART-suppressed
donors from the SCOPE (Observational Study of the Consequences of the Protease
Inhibitor Era) cohort at the University of California San Francisco and San Francisco
General Hospital (Fig. 6; Table S2). From these samples, CD4 T cells were sorted into na-
ive (CD45RO~) and memory (CD45RO™) cell populations. The memory population was
further separated based on the surface expression of CCR2 and CCR5 (Fig. 6A).

To quantify proviral levels, genomic DNA (gDNA) from sorted cells was isolated and
subjected to Alu-Gag droplet digital quantitative PCR (qPCR) to detect integrated HIV
provirus. This technique is based on a nested PCR, in which an Alu-Gag amplicon is
preamplified and a second internal set of primers plus probe is used to detect HIV.
Using this assay, we observed that CCR2/5" cells contained significantly higher levels
of integrated HIV than did CCR2/5~ memory cells or naive cells (Fig. 6B to D). By com-
paring the level of HIV DNA in the sorted populations to that in the total population of
sorted CD4 T cells, we were able to quantify the percentages of total HIV provirus in
each cell population for each donor (Fig. 6C and D). Considerable individual-to-individ-
ual differences were observed. One individual exhibited a reservoir that was nearly
90% within the CCR2/5* population, while in others this percentage was lower. The
median percentage of HIV provirus within the CCR2/5" cells was 37% (Fig. 6D).
Importantly, the CCR2/5% cells had the highest proportion of integrated HIV of all the
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sorted subsets. These results suggested that CCR2/5" cells formed a significant fraction
of the latent HIV reservoir in vivo.

DISCUSSION

Our findings support the notion that CCR2/5" CD4 T cells found in human lymph-
oid tissue can act as reservoir cells during HIV infection: first, these cells are permissive
to HIV infection; second, blockade of CCL2 action in infected humanized mice
decreases seeding of the latent reservoir; and third, the CCR2/5% CD4 T cells harbor a
significant fraction of provirus that can be reactivated to seed new infections. The early
production of CCL2 during HIV infection could attract these memory CD4 T cells, help-
ing propel seeding of the latent reservoir.

Based on CRISPR-Cas9 knockout results, IFI16 and STING signaling play a role in
CCL2 gene activation. However, as IFI16 and STING knockouts only partially ablate pro-
duction of CCL2 in the HIV-infected CD4 T cells, CCL2 production during HIV infection
likely occurs through multiple mechanisms. HIV gp120 (42-44), Tat (45-47), Nef (48),
and p17 (49) have all been shown to activate CCL2. Our findings now add an additional
mechanism underlying CCL2 release during HIV infection involving IFI16 sensing of
abortive reverse transcription products coupled with STING signaling.

CCL2 attracts cells that express CCR2 to areas of tissue inflammation. These cells
can include monocytes, CD4 T cells, and NK cells. While the circulating CCR2/5% CD4 T
cells in blood are predominantly effector memory cells (24), we find that CCR2/5" cells
in the lymphoid tissue display a central memory phenotype (Fig. 2 and 3). This pattern
of chemokine receptor expression is intriguing in the context of HIV infection as it pro-
vides a potential pathogenic link between target cell recruitment (CCR2), infectibility
(CCRS5), and rapid establishment of a long-lived latent reservoir within central memory
T cells (CCR7).

As the primary route of HIV infection is through mucosal tissues, the integrin
expression profile of the CCR2/5% population is particularly interesting. These cells
express high surface levels of the CD49d, CD29, and a4 37 integrins (Fig. 3) that play a
key role in mucosal trafficking (50) and that are expressed on HIV-permissive cells from
the female reproductive tract (51). CCR2* CD4 T cells are also recruited to the ileum in
inflammatory bowel disease (52). Thus, CCR2/5* CD4 T cells are likely mucosal in origin
or alternatively localize to mucosa or mucosa-associated lymphoid tissue (MALT).
These cells may be involved in establishment of reservoirs in MALT even before migra-
tion into secondary lymphoid organs.

Our studies indicate that antibody-mediated blockade of CCL2 in vivo in humanized
mice significantly reduces the formation of the HIV reservoir, as measured by
decreased detection of plasma viremia following ART withdrawal and total detectable
HIV at necropsy (Fig. 5). CCL2 blockade was administered 1 day prior to HIV exposure.
We also intentionally selected a short infection period of only 6 days before initiation
of ART to evaluate the establishment of the most rapidly formed stable reservoir.

Long-term effective ART contracts the population of HIV-infected cells around a
core reservoir of cells infected prior to treatment. Our findings indicate that on average
CCR2/5% cells harbor ~35% of the reservoir when blood cells are analyzed from HIV-
infected individuals on ART. However, we also noted marked differences in the fraction
of the reservoir residing in CCR2/5% cells among the 9 individuals analyzed (Fig. 6D). In
one individual, nearly 90% of the latent reservoir was found in the CCR2/5" cells.
These findings suggest that CCL2 may play an important role in latent reservoir seed-
ing in many but not all infected individuals. It is certainly possible that the underlying
mechanism of infection and level of inflammation in lymphoid tissues may vary,
impacting levels of CCL2 that are released and the extent to which CCR2/5" chemoat-
traction occurs. Additionally, T cells exhibit a marked plasticity in the expression of
CCR2 and other chemokine receptors (T cell stimulation and differentiation signifi-
cantly modulate overall gene expression profiles [53] and cell surface proteomes [54])
which could obscure a preferential infection and initial reservoir seeding in a specific
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subset of T cells. Finally, the duration of infection prior to treatment may allow for
spread of the reservoir, and although CCR2™" cells may be initially favored, the pheno-
type of the reservoir likely broadens during chronic infection. CCR2-negative cells also
harbored HIV provirus in all assayed individuals (Fig. 6). Therefore, CCR2 expression cer-
tainly does not perfectly mark the HIV reservoir in vivo, which may also include cells
such as CD4" Th17 cells present at portals of HIV entry.

A limitation of most reservoir studies, including this one, is that human samples are
often limited to peripheral blood donated by HIV-infected individuals and therefore
fail to sample the tissue reservoir. However, circulating cells of the blood originate
from tissue sites. The effector memory CCR2/5% cells we find containing HIV provirus
are likely daughters of the initially infected lymphoid tissue-derived CCR2/5" central
memory cells. It is interesting that the predominant population of CCR2*/CCR5™ cells
in blood corresponds to effector memory cells while the CCR2*/CCR5™ cells in lymph-
oid tissue exhibit properties of central memory T cells. Because the latent reservoir is
predominantly found in lymphoid tissues, these findings again emphasize the impor-
tance of studying HIV interactions in lymphoid tissue-derived CD4 T cells rather than
limiting studies to blood cells, which historically has been the case. The lymphoid tis-
sue CCR2"/CCR5" subset of cells is distinguished by elevated expression of CD25 (in
the absence of FoxP3, so not Treg), CD7, ICOS, and CCR7. High-level expression of
CCR7 provided a strong marker indicating their central memory phenotype. Other
increased markers include CD38 and OX40, indicating a higher level of cellular activa-
tion. CD2 and CD95FasL were also increased while IFI16, a critical DNA sensor in the
pyroptotic death pathway, was slightly increased in these cells. The presence of IFI16 is
consistent with its role of DNA sensing during abortive infection, giving rise to CCL2
production. In contrast, blood CCR2*/CCR5* cells were characterized by high levels of
CD127 (alpha subunit of the interleukin-7 [IL-7] receptor) and CCR6, the receptor for
CCL20, whereas CCR7 and CD25 were poorly expressed.

Together, our results demonstrate that lymphoid tissue CD4 T cells rapidly produce
CCL2 as part of an innate inflammatory response launched during HIV infection.
Among multiple mechanisms, IFI16 sensing of HIV DNA and signaling via STING con-
tribute to rapid release of the CCL2 chemokine that can quickly recruit CCR2/5" central
memory cells to the zone of HIV-associated inflammation. Within these zones of infec-
tion and inflammation, some cells may become productively infected while others
undergo latent infection and yet others die. Finally, we suspect the CCR2/5" central
memory cells ultimately take up residence in peripheral lymphoid organs harboring
latent HIV provirus, contributing to the persistence of the stable reservoir. Our findings
argue for a role of the CCL2/CCR2 axis in early seeding of the latent reservoir, illustrat-
ing how the innate immune response may, in this case, promote viral persistence.
These results do not preclude the involvement of other pathways to persistence as
recently described by Evans et al. (55).

MATERIALS AND METHODS

Experimental model and subject details. (i) Human samples. Blood from HIV-infected individuals
was obtained from volunteers participating in the SCOPE cohort (56). Participants gave their informed
consent as part of the SCOPE cohort. Specific characteristics of these participants and their ART regimens
are summarized in Table S2 in the supplemental material.

(ii) Humanized TKO-BLT mice. Male and female C57BL/6 Rag2—/— yc—/— CD47—/— (TKO) mice
were humanized using the bone marrow, liver, thymus (BLT) method as previously described (38). All
animal studies were performed after approval of the animal study protocol by the AAALAC-accredited
Rocky Mountain Laboratories, National Institute of Allergy and Infectious Diseases, National Institutes of
Health (USA) Institutional Animal Care and Use Committee. The mice were housed under specific-patho-
gen-free conditions, properly anesthetized during procedures, and monitored daily. Donor tissues for
humanization were obtained with informed consent following the guidelines and regulations of NIH
and the Office of Human Subjects Research Protection. All humanized mouse studies were initiated prior
to the executive order by President Trump banning government research using fetal tissue.

Humanized mice were treated intraperitoneally with 200 ng anti-CCL2 antibody (2H5) or isotype
control 24 h prior to infection followed by 100 ng administered every 48 h for a total of 12 days. HIV-1
JRcsr stocks were prepared and inoculated as previously described (55). The mice were challenged with
5 x 10* tissue culture infectious units (TCIU) of HIV via the anal route at day 0 and every 24 h for 4
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additional days. At day 6 postinfection, the mice were bled retro-orbitally. At day 7, the mice were free-
fed red-dyed ART-infused chow (modified LabDiet PicoLab mouse diet 20, 5058; supplemented with
1,250 ppm emtricitabine [Emtrival, 1,630 ppm tenofovir disoproxil-fumarate [Viread], and 10,688 ppm
raltegravir [Isentress]) until 12 weeks postinfection, when ART was discontinued. Mice were bled at
6 weeks postinfection to test for suppression of viremia and weekly following ART interruption until the
euthanasia time point at 16 weeks postinfection.

Primary cell cultures. Specimens derived from HIV-negative human blood and tissue were deidenti-
fied before receipt by the laboratory and are thus exempt from human subject research per the UCSF
Human Research Protection Program Institutional Review Board. Human healthy tonsils and spleens
were obtained from the Cooperative Human Tissue Network (https://www.chtn.org). HIV-negative donor
blood was obtained from Vitalant (https://www.vitalant.org).

Human lymphoid aggregate culture (HLAC) prepared from tonsil or spleen was cultured in HLAC me-
dium: RPMI supplemented with 15% heat-inactivated fetal bovine serum (FBS), 100 mg/mL gentamicin,
200 mg/mL ampicillin, 1 mM sodium pyruvate, 1% nonessential amino acids, 2 mM -glutamine, and 1%
amphotericin B (Fungizone) at 37°C in a 5% CO, incubator.

Concentrated white blood cell preparations from healthy volunteers were obtained from Vitalant.
Peripheral blood mononuclear cells (PBMCs) were cultured in RPMI medium supplemented with 10% FBS,
1,000 U/mL penicillin, 1 mg/mL streptomycin, and 2 mM L-glutamine, at 37°C in a 5% CO, incubator.

Cell line. HEK293T cells were transfected with various molecular clones of HIV to produce high-titer virus
preparations. Cells were cultured in Dulbecco modified Eagle medium (DMEM) supplemented with 10% FBS,
1,000 U/mL penicillin, 1 mg/mL streptomycin, and 2 mM L-glutamine, at 37°C in a 5% CO, incubator.

Virus strains. HIV molecular clones (pNL4-3-GFP, pBaL-GFP, and pNL4-3-Luciferase) were purified from
Escherichia coli and used to transfect HEK293T cells. Both NL4-3-based viruses are X4-tropic, whereas pBalL-
GFP is R5-tropic.

Primary cell isolation and culture. Fresh human tonsil tissue or splenic tissue was processed and
cultured as previously described (57). Briefly, single-cell suspensions were prepared by mechanical dis-
ruption of the tonsil or spleen, followed by sequential passage of cells through 70-um and then 40-um
strainers. Single-cell suspensions were purified by density gradient centrifugation using Ficoll-Hypaque
(GE), and the mononuclear cell layer was isolated, washed twice with fluorescence-activated cell sorting
(FACS) buffer, and then analyzed by flow or mass cytometry or alternatively cultured in HLAC medium.
PBMCs were similarly purified by density gradient centrifugation using Ficoll-Hypaque.

CDA4 T cell isolation. CD4 T cells were purified from lymphoid tissue or PBMC-derived mononuclear
cells by negative magnetic depletion using the EasySep human CD4* T cell enrichment kit (Stem Cell),
per the manufacturer’s protocol.

HIV infection (overlay model). Overlay infections were carried out as previously described (19).
Briefly, HEK293T cells were seeded in 24-well tissue culture plates at a density of 1.6 x 10° cells/well and
transfected with 50 to 100 ng/well of pNL4-3-GFP using Fugene HD (Promega) transfection reagent, per
the manufacturer’s protocol. The medium was replaced after 16 h, and CD4 T cells, purified as described
above, were added. Cells or supernatants were harvested at time points indicated for each experiment.

HIV infection (spinoculation model). Concentrated HIV was produced by transfecting 5 x 10° to
10 x 10° HEK293T cells per T150 flask with pNL4-3-GFP, pBaL-GFP, or pNL4-3-Luciferase, using Fugene HD
per the manufacturer’s protocol. The medium was replaced 16 h after transfection, and the supernatant was
harvested 48 and 72 h posttransfection. Supernatant containing viruses was passed through a 0.22-um filter,
and virus was pelleted at 25,000 x g for 2 h at 4°C. Following resuspension of the pellet in RPMI medium, the
concentrated viruses were aliquoted and frozen at —80°C. Virus concentration was determined by quantita-
tion of p249%9 as previously described (19). One hundred nanograms of virus was generally added to the cell
populations cultured at 1 x 10° cells/mL in 100 L in 96-well round-bottom tissue culture plates. The plate
was spun at 900 x g for 2 h at room temperature and then cultured at 37°C in a 5% CO, incubator.

Analysis of cytokine expression. Quantitative reverse transcriptase PCR (RT-PCR) was used to assess
cytokine mRNA expression. Cells were harvested 18 to 48 h following culture or infection as described
for the various experiments, and RNA was purified using the RNeasy kit (Qiagen) per the manufacturer’s
protocol with inclusion of DNase treatment. Purified RNA was quantified, and cDNA was prepared using
the SuperScript Il First-Strand synthesis kit (Thermo Fisher). RNA, oligo(dT),,, and deoxynucleoside tri-
phosphates (dNTPs) were combined and incubated at 65°C for 5 min and then cooled to 4°C. RT buffer,
MgCl,, dithiothreitol (DTT), RNaseOUT, and SuperScript Ill RT were added per the manufacturer’s proto-
col and incubated at 50°C for 50 min. The reaction was terminated by heating to 85°C for 5 min, and
cDNA was stored at —20°C. Following cDNA production, quantitative PCR was carried out using TagMan
gene expression assays (Thermo Fisher; see Table S3 in the supplemental material for specific assay iden-
tifiers [IDs]) per the manufacturer’s protocol. Both glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and 185 mRNA were measured, and the geometric means for these housekeeping genes were used to
normalize expression (delta cycle threshold) of query transcripts.

Secreted CCL2 protein was measured using the Meso Scale Discovery (MSD) platform. Supernatants
from cells cultured as described above were harvested and clarified by centrifugation at 1,000 x g for 10
min. Undiluted supernatant was applied to the V-Plex human MCP-1 kit (Meso Scale Discovery), and
CCL2 was measured using a recombinant standard, per the manufacturer’s protocol.

Cas9 RNP genomic editing. Nucleofection was performed using in vitro-assembled Cas9 RNP as pre-
viously described (58). Recombinant Cas9 protein derived from Streptococcus pyogenes engineered with
two nuclear localization signals and a hemagglutinin (HA) tag on the C terminus was obtained from the
QB3 Macrolab at the University of California, Berkeley. Multiple guide RNAs were tested, and two were
selected for each target gene that showed high knockdown efficiency in multiple donors (see Table S3
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for guide sequences). Guide RNA and trans-activating CRISPR RNA (tracrRNA) suspended in 10 mM Tris-
HCI (pH 7.4) were mixed at a 1:1 ratio, at a final concentration of 40 uM, and incubated for 30 min at
37°C. The guide RNA mixture was added to 40 uM recombinant Cas9 and incubated at 37°C for 15 min
to allow for assembly of the guide RNA-Cas9 RNPs.

HLAC cells were stimulated for 3 days with plates coated with 10 ug/mL anti-CD3 (UCHT1; Tonbo
Biosciences) and 10 ug/mL anti-CD28 (CD28.2; Tonbo Biosciences). CD4 T cells were purified as
described above, and 3 x 10° CD4 T cells were pelleted in a V-bottom plate and resuspended in 20 uL
P3 buffer, from the P3 Primary Cell 96-well Nucleofector kit (Lonza). Three microliters of the assembled
Cas9 RNPs was added to the cells, and the mixture was transferred to a 96-well reaction cuvette. The
cuvettes were loaded into the 4D-Nucleofector (Lonza) and electroporated using program EH-115.
Eighty microliters of prewarmed HLAC medium was gently added to each well, and the cells were
allowed to recover for 30 min at 37°C, before restimulating overnight on plates as described above.
Following Cas9 RNP-mediated editing, the cells were removed from stimulation and rested for 1 week
before infection or subsequent analyses. Knockout efficiencies were measured using immunoblotting or
intracellular flow cytometry.

Immunoblotting. Cell lysates were prepared by addition of Laemmli lysis buffer and heat denaturi-
zation at 90°C for 30 min. Lysates were electrophoresed on a 4 to 12% Bis-Tris gel (Thermo Fisher) at 120
V for 90 min. Proteins were transferred to a polyvinylidene difluoride (PVDF) membrane using an iBlot 2
apparatus per the manufacturer’s protocol (default program P1). Following transfer, the membrane was
blocked with 5% (wt/vol) dry skim milk dissolved in phosphate-buffered saline (PBS) plus 0.1% Tween 20
(PBS-T) for 1 h at room temperature with rocking. Blocked membranes were incubated with primary
antibodies (see Table S3), diluted in blocking buffer (1:1,000), and incubated with rocking overnight at
4°C. The following day, membranes were washed in PBS-T and incubated with horseradish peroxidase
(HRP)-conjugated secondary antibody diluted 1:10,000 in blocking buffer for 2 h at room temperature
with continuous rocking. After secondary incubation, the membranes were washed and tetramethylben-
zidine (TMB) substrate was added. The reaction was allowed to proceed for 5 min, and light was meas-
ured by exposure to film.

Flow cytometric analysis and cell sorting. Flow cytometry was performed at the Gladstone
Institutes Flow Cytometry Core Facility using two instruments: an LSR Il (BD Biosciences, San Diego, CA,
USA) and a FACSAria Il (BD Biosciences, San Diego, CA, USA). Cells were resuspended in PBS, and
Zombie Live/Dead (BioLegend) stain was added per the manufacturer’s protocol. Subsequently, FACS
buffer (PBS plus 2 mM EDTA plus 5% bovine serum albumin [BSA]) was added as well as antibodies for
cell surface staining (see Table S3). Cells were washed and sorted live or fixed in 2% paraformaldehyde
(PFA) prior to analysis. For intracellular antigen detection, cells were permeabilized after cell surface
staining, using the Foxp3/transcription factor staining buffer set (Thermo Fisher) and following the man-
ufacturer’s protocol.

Fluorescence-activated cell sorting was performed on unfixed live cells, following isolation and sur-
face staining as described above. Single cells from a lymphocyte scatter gate were gated as “live”
(Zombie low/negative; see Table S3) and subsequently as CD3"/4" T cells. CD4" T cells were then sorted
as naive (CD45RO™) or memory (CD45R0O™) and further subdivided as CCR27/5~, CCR2*/5~, CCR27 /5™,
or CCR 2%/5" (Fig. 6 shows an example). Cells were sorted into ice-cold HLAC medium for functional
studies as described above or sorted into ice-cold PBS and pelleted, and genomic DNA was isolated for
HIV provirus measurements.

Mass cytometric analysis. Mass cytometric analysis was performed as previously described (59).
Cells were isolated from fresh PBMCs or HLAC as described above and stained with a panel of lanthanide
metal-conjugated antibodies (Table S1). Antibody staining was performed in a volume of 100 ulL for
45 min, which was treated with 139In-DOTA-maleimide (Macrocyclics) to label dead cells and fixed over-
night with PBS plus 2% PFA. Cells were permeabilized with FoxP3 Fix/Perm buffer (Thermo Fisher) per
the manufacturer’s protocol and then labeled with 1:4,000 191/193Ir DNA intercalator (Fluidigm). Cells
were washed, resuspended in distilled water, and analyzed on a CyTOF2 (Fluidigm) at the UCSF
Parnassus Flow Cytometry Core. EQ calibration beads (Fluidigm) were included and used for normaliza-
tion across runs.

Chemotaxis measurement. CCR2/5" CD4" T cells were purified by FACS and suspended at 1 x 10°
cells/mL in RPMI with 0.5% BSA and 25 mM HEPES. One hundred microliters of sorted cells was added to
each transwell insert with 6.5-mm-diameter membranes containing 3.0-um pores (Corning). The cells
were preincubated for 30 min at 37°C, and the inserts were transferred into wells with chemotaxis me-
dium containing either CCL2 (1 ug/mL; PeproTech) or medium alone. Cells in the lower wells were har-
vested after 3 h at 37°C, and the migrated cells were counted using AccuCount particles on an LSR Il
cytometer.

In vitro latency. As previously described, purified CD4 T cells were initially infected and then rested
in the presence of ART to establish in vitro latency (36). Briefly, tonsil-derived purified resting (unstimu-
lated) memory CD4 T cells were sorted based on their expression of CCR2 and CCR5 as described above.
One hundred nanograms of purified NL4-3-luciferase was added to the sorted cells, they were spinocu-
lated as described above, and 5 M saquinavir was added to limit infection to a single round. Following
5 days of culture, the cells were stimulated with anti-CD3/CD28 beads per the manufacturer’s protocol,
in the presence of 30 wM raltegravir. At 24 h after stimulation, luciferase activity was measured as previ-
ously described (36).

HIV Alu-Gag droplet digital gPCR. Nested Alu-Gag qPCR was performed as previously described
(60, 61) with minor modifications. Briefly, genomic DNA was isolated using DNeasy kits using the RNase
treatment step (Qiagen) per the manufacturer’s protocol. A primary PCR to amplify integrated provirus
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used a forward Alu-targeting primer at a concentration of 100 nM and an HIV-1 Gag reverse primer at
600 nM. Preamplification was performed with Tag polymerase (Qiagen) for 20 cycles. One microliter of
the above PCR product was combined with 10 uL Gene Expression master mix (Applied Biosciences), 8
nL water,1 uL probe mix (premade 20x mix: 5 uM MH531 and MH532 primers, 4 uM long-terminal-
repeat (LTR) probe). The PCR mixture was partitioned using a QX200 droplet generator (Bio-Rad), and
the droplets were amplified (95°C for 15 s, 60° for 30 s multiplied by 35 cycles). Positive and negative
droplets were then detected on a QX200 droplet reader (Bio-Rad), and the results were quantified using
QuantaSoft software.
Measurement of HIV in TKO-BLT humanized mice. Plasma HIV RNA was isolated with the QlAamp
viral RNA kit (Qiagen) and quantified using the Abbott RealTime HIV-1 amplification reagent kit follow-
ing the manufacturer’s protocols. Depending on the available sample volume, the detection limit was
375 copies/ml (cp/mL) during follow-up or 150 cp/mL at the time of euthanasia. For the quantification
of HIV DNA, genomic DNA of splenocytes was isolated using the QlAamp DNA blood minikit (Qiagen)
and subjected to a probe-based real-time PCR approach, as previously described (38, 62). Briefly, HIV-
specific and control (hCD3) DNA sequences were preamplified (12 cycles) in a TProfessional Trio
Thermocycler (Biometra). The pre-PCR amplicons were subjected to quantitative real-time PCR analysis
using the Rotor-Gene probe PCR kit (Qiagen) performed in a Rotor-Gene Q instrument (Qiagen). Dual-la-
beled probes were used for CD3 [Yakima Yellow (YAK)-black hole quencer 1 (BHQ1)] and HIV-DNA (6-car-
boxyfluorescein [FAM]-BHQ1) detection. Plasmids carrying the corresponding amplicon regions or
gDNA of cells harboring HIV-long terminal repeat (LTR) sequences were used as standard curves (37, 38).
Quantification and statistical analysis. Statistical details of individual experiments, including num-
ber of independent donors, mean values, standard error of the mean (SEM), and P values derived from
statistical tests, are described in the figure legends and specified in the figures. Statistical analyses were
performed using GraphPad Prism software versions 7 and 8. P values of =0.05 were considered statisti-
cally significant. For two-way column analyses, a Student two-tailed t test was used. Analyses of variance
(ANOVAs) were used for multiple comparisons with posttests for multiple comparisons (as noted within).
Asterisk coding in figures is as follows: *, P =< 0.05; **, P < 0.01; ***, P < 0.001. Data are presented as
means with error bars indicating SEM unless otherwise stated.

Data and code availability. This study did not generate data sets.
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